The authors tested how prior odor enrichment affects the spontaneous discrimination of both preexposed and novel odors. Experimental rats were exposed to single odors or to pairs of similar or dissimilar odors for 1-hr periods twice daily over 20 days. Spontaneous discriminations between pairs of similar odors were tested before and after the odor exposure period using an olfactory habituation task. The authors found that (a) experimental rats did not spontaneously discriminate similar odor pairs before the exposure period, whereas they spontaneously discriminated them after the enrichment period, and (b) the improvement of performance was not selective for the odors used during enrichment. These results show that odor experience changes perception in the manner predicted based on other groups' electrophysiological experiments.
Sensory experience affects both physiological responses and animal behavior. Training can improve the ability to make discriminations in a wide variety of sensory modalities, including tasks involving visual acuity, somatosensory spatial resolution, and discrimination of acoustical pitch (Gibson, 1953) . For example, in the auditory system, animals trained to discriminate small differences in frequency showed an improvement in overall frequency discrimination, as well as alterations in auditory cortex topography (Recanzone, Schreiner, & Merzenich, 1993) and neural response dynamics in primary auditory cortex (Gilbert, Sigman, & Crist, 2001 ). In the olfactory system, associative learning has been shown to induce functional modifications of neuronal activity in rat pups (Wilson & Leon, 1988) . These authors observed an increase in inhibitory responses of olfactory bulb (OB) relay cells in response to the odorant associated with a positive reinforcement. In mature animals, experience can also modify responsiveness in the OB. After giving birth, female sheep develop a selective recognition for their lamb; this form of olfactory learning has been shown to increase the number of mitral cells in the OB that respond to lamb odor (Kendrick, Levy, & Keverne, 1992) . Similarly, an associative learning protocol in adult rabbits induced changes in the bulbar electroencephalogram map (Freeman & Skarda, 1985) . These observed changes of response patterns to olfactory stimulation may underlie both the memory for odors with acquired significance (Freeman & Schneider, 1982; Kendrick et al., 1992; Ravel et al., 2003; Wilson & Sullivan, 1994) and learning based on changes in behavioral olfactory acuity (Wilson & Stevenson, 2003) . However, it should be noted that in each of these studies, these neurophysiological changes were observed when the odorant was associated with a reinforcing stimulus in a conditioning paradigm.
Associative learning is not critical to induce changes in the olfactory system. In fact, a simple manipulation of olfactory experience, such as exposure to an odorant, can modify the bulbar neural network. For example, after a period of olfactory deprivation, the proportion of mitral-tufted cells responding with excitation to a given odor was enhanced (Wilson & Sullivan, 1995) , and the proportion of mitral-tufted cells responding to more than one odor was increased by this manipulation of olfactory experience. Olfactory bulb odor response patterns can also be modified by odor exposure or enrichment (Buonviso & Chaput, 2000; Spors & Grinvald, 2002) . A simple exposure of adult rats to an odorant, in the absence of any paired reinforcement, reduced the subsequently recorded proportion of mitral cells responding to odorants with increased firing rates, while increasing the proportion of mitral cells that were inhibited in response to odors. As a consequence, across mitral cells in the olfactory bulb, individual odors should be better discriminated after a period of odor enrichment (Buonviso & Chaput, 2000; Buonviso, Gervais, Chalansonnet, & Chaput, 1998) . Surprisingly, the proportion of excitatory responses to odors were decreased not only to the odor used during enrichment but also to other novel odors (Buonviso & Chaput, 2000) .
Despite this wealth of data showing experience-dependent effects on olfactory system physiology, it is not known whether these physiological changes are translated into changes in the behavioral discriminability of odorants. That is, do changes in odor representation in the olfactory system affect the animal's ability to behaviorally discriminate those odors? We tested how odor exposure affects the spontaneous discrimination of preexposed and novel odors. Experimental rats were exposed to odors for 2 hr daily over 20 days. Spontaneous discrimination between pairs of similar odors was tested before and after the odor exposure period using an olfactory habituation task. We found that (a) experimental rats did not spontaneously discriminate between similar odors before the exposure period whereas they spontaneously discriminated them after exposure to odors, and (b) this improvement in perfor-mance was not selective for the odor used during the exposure. This experiment suggests that odor experience changes perception in the manner we predicted based on other groups' electrophysiological experiments.
Method

Housing Conditions and Subjects
Sixty adult male Sprague-Dawley rats (250 -300 g) used for this study were obtained from Charles River Laboratories (Wilmington, MA). Upon arrival in the laboratory, rats were housed alone in standard laboratory cages. Animals were allowed access to food and water ad libitum and were kept on a 12 hr light/dark cycle at a constant temperature. Behavioral experiments were conducted in the afternoon (1400 -1800). All procedures were performed under the auspices of a protocol approved by the Cornell University Institutional Animal Care and Use Committee.
Odors
For discrimination testing, three odor pairs were used, each composed of two odorants (a habituating odor, O hab , and a test odor, O test ; see Table 1 ). For all of these odor pairs, O hab and O test were chosen to be similar to each other (Linster et al., 2001; Wiltrout, Dogra, & Linster, 2003) . Two additional odorants, (ϩ) and (Ϫ) carvone (ϩ/Ϫ carv), were used for enrichment. The odorants were diluted in mineral oil proportionally to their vapor pressure. Briefly, vapor pressures of pure odorants were estimated with ACD Chemsketch software (Advanced Chemistry Development, Toronto, Ontario, Canada) and variously diluted in mineral oil to concentrations theoretically emitting the same vapor-phase partial pressure of each odorant.
Experimental Design
In the beginning of the experiment, all rats were tested on spontaneous discrimination between the odors in each of the three odor pairs: (ϩ)/(Ϫ) limonene (ϩ/Ϫ lim), (ϩ)/(Ϫ) terpinen-4-ol (ϩ/Ϫ terp), and pentanol/ butanol (pent/but) (see Table 1 ). Discrimination was tested using an olfactory habituation task described in more detail below and routinely used in our laboratory (Cleland et al., 2002; Linster et al., 2001; Wiltrout et al., 2003) . All rats were then subjected to a 20-day olfactory enrichment period (see Figure 1) . Six experimental groups of rats were exposed to either ϩ/Ϫ lim, ϩ/Ϫ terp, pent/but, ϩ/Ϫ carv, ϩ lim only, or no odor during the enrichment period (Table 2 ; see below). After the 20 day enrichment period, rats were again tested on spontaneous discrimination between the three test odor pairs (see Figure 1 ). This enabled testing of how the prolonged exposure to single odorants or odorant pairs affected spontaneous odor discrimination in rats. Specifically, we tested the effects of odor pair enrichment on the discrimination of that pair and other odor pairs, as well as the effect of enrichment with a single odorant on the discrimination of similar pairs. We tested how exposure with similar or dissimilar odor pairs differs, and how the chemical similarity between exposed and tested odors affects the results.
Enrichment
The rats were randomly assigned to the six experimental groups described above (n ϭ 10 per group; Table 2 ). The enriched groups consisted of animals housed in an odor-enriched environment for 20 days. Odorenriched rats were exposed to the odors for a 1-hr period twice daily with a 4-hr interval between the two presentations. Swabs containing 100 ml of pure odor were placed in two tea balls hanging from the cover of standard breeding cages (Rochefort, Gheusi, Vincent, & Lledo, 2002) . For the groups enriched with odor pairs, the two odors were presented simultaneously; each of the two tea balls contained a different odor. For the group exposed to only one odor (see Table 2 ), one of the two tea balls was left empty. For the control group; rats were housed under the same conditions except that the two tea balls were left empty.
Spontaneous Discrimination Testing
We tested how odor exposure affected the spontaneous discrimination of the three pairs of odorants (see Table 1 ) before and after the enrichment phase. An olfactory habituation task assesses the degree to which rats spontaneously discriminate odorants by habituating them to an odorant (O hab ) and measuring their investigation response to a second odorant (O test ) . If the second odorant is not discriminated from the first, it will not elicit an increased investigation response by the rat. Because no reward is associated with either odorant in this task, and each test odor is presented Figure 1 . Time course of the experiment. Spontaneous discrimination between the enantiomers of limonene, terpinene, and the pentanol and butanol was also tested before and after the odor enrichment period through the use of an olfactory habituation task. The enrichment consisted of introducing odors into the home cage for 1-hr periods twice daily over 20 days.
Table 1 Odors and Corresponding Dilutions Used for Habituation Experiments
Odor pair
only once, the task likely measures basic similarities between odorants, unaltered by reinforcement. All habituation experiments took place in the home cage of the test animals under a red light. All odors were dissolved in mineral oil and prepared before each experiment. Odors were presented by placing 60 ml of the odor stimulus (1Pa) onto a filter paper (Whatman #1). The filter paper was put into a weighing dish which was put on top of the wire cage cover. This procedure allowed the observer to change the odor stimulus without disturbing the animal. Each rat was tested on a different odor pair every day during 3 days and the order of odor testing was randomized. A test session consisted of one 50-s presentation of plain mineral oil then four 50-s odor presentations of the O hab at 5 min intervals, followed by one 50-s presentation of O test . All odor pairs were encoded so that the experimenter was unaware of the identity of each odor. The amount of time that the rat investigated the odorant was recorded during all trials. Investigation was defined as active sniffing within 1 cm of the odor.
Data Analysis
All data analyses on time spent sniffing during odor presentation trials were performed with Systat software (SSI, Richmond, CA). Only rats that investigated O hab for at least 1 s during its first presentation were included in the analysis. Data obtained for each pair of odors were averaged across animals and analyzed by ANOVA followed by Fisher post hoc tests to determine whether the investigation time elicited by O test was significantly different from that elicited by the O hab during its fourth presentation. The level of significance was set to .05.
Results
In these experiments, we tested how well rats initially discriminated between the two odorants in each of three odor pairs listed in Table 1 . All rats, divided into six groups (see Table 2 ), were then submitted to a 20-day period of odor enrichment, after which they were again tested on the discrimination between these three odor pairs. We found that the discrimination of similar odor pairs was significantly enhanced after olfactory enrichment. In the following, we describe (a) the discrimination of the three odor pairs before the enrichment phase, (b) the results from nonenriched control rats, (c) the changes in discrimination of the odor pairs after enrichment with these same odor pairs, and (d) the changes in discrimination of the odor pairs after enrichment with different odorants. The last part of the results are subdivided into: effects of enrichment with a different pair of similar enantiomers, effects of enrichment with a pair of similar nonenantiomers, and effects of enrichment with a pair of dissimilar odorants. Last (e), we show the effect of enrichment with a single odor instead of a pair of odorants. For ease of comparison, all results and statistics are summarized in Tables 3,4 , and 5.
Discrimination of the Three Odor Pairs Before the Enrichment Period
Habituation. In the six groups of rats, the duration of investigation of the odorant decreased with each presentation for all three pairs of odorants ( p Ͻ .05 for effect of trial over the four habituation trials and a significant decrease between the first and last habituation trial for all three odor pairs tested), indicating that habituation had occurred between Trials 1 and 4. In the example shown in Figure 2 (group before enrichment with carvone), responses during the four-habituation trials for all three-odor pairs declined with increasing trial numbers (ϩ/Ϫ lim, F(4, 45) ϭ 15.08, p Ͻ .0001; ϩ/Ϫ terp, F(4, 35) ϭ 20.45, p Ͻ .0001; but/pent, F(4, 45) ϭ 31.19, p Ͻ .0001), and the investigation response during Trial 1 was significantly higher than the response during Trial 4 ( p Ͻ .05 for all odor pairs).
Discrimination. Multiple comparisons testing showed that in all of the six groups, rats did not discriminate between the two odorants in any of the three pairs used ( p Ͼ .05 for all groups). These results, showing that rats do not spontaneously discriminate between ϩ/Ϫ lim, ϩ/Ϫ terp or but/pent, are consistent with previously published data. For an example (see Figure 2) 
Control Group
To control for nonspecific effects of previous testing, a control group of rats was exposed only to empty tea balls during the enrichment phase (see the Method section). After the enrichment phase, control rats habituated to each O hab from the ϩ/Ϫ lim and terp as they did before the enrichment phase ( p Ͻ .05 for effect of trial and a significant decrease between the first and last habituation trial for the two odor pairs tested). The control rats did not discriminate between the odors in each of the two odor pairs ϩ/Ϫ lim, p ϭ .45; ϩ/Ϫ terp, p ϭ .41), indicating that their discrimination abilities did not change over the 20 days (see Figure 3) . 
Changes in Discrimination After Enrichment With the Same Odor Pair
Habituation. Habituation was evident because in all odor pairs, there was a significant effect of trial number (see Figure 4) : ϩ/Ϫ lim, F(3, 24) ϭ 8.84, p Ͻ .0001; ϩ/Ϫ terp, F(3, 20) ϭ 10.58, p Ͻ .0001; but/pent, F(3, 24) ϭ 24.41, p Ͻ .0001, and the investigation response during Trial 1 was significantly higher than the response during Trial 4 ( p Ͻ .05 for all odor pairs).
Discrimination. Multiple comparisons testing showed that, in sharp contrast to the results obtained before the enrichment period, the response to O test was significantly higher than the response to O hab for all three odor pairs. This shows that the rats discriminated O hab from O test in all odor pairs after they had been exposed to these same two odorants during 20 days (Figure 4 ; see Table 3 for statistical test values).
Changes in Discrimination After Enrichment With a Different Odor Pair
In addition to testing how exposure affected the discrimination of the exposed odors, we tested how odor exposure affects the spontaneous discrimination of unrelated enantiomeric odors. Subsequently, we also tested whether the exposure to enantiomers helps improve the discrimination of similar, nonenantiomeric pairs of odors. We then tested whether exposure to similar, but not enantiomeric, pairs of odor improved the discrimination of enantiomers ( Figure 5A ). Finally, we tested whether the improvement in discrimination capacities was dependent on the similarity of the enrichment pair ( Figure 5B) Habituation. A significant effect of trial was observed for all odor pairs tested (F[3, 24] ϭ 8.10 and p Ͻ .001 for all cases), and the investigation times during the last trial were significantly lower than during the first habituation trials ( p Ͻ .05 in all cases).
Discrimination. Multiple comparisons testing (using Fisher) showed that the response to O test was significantly higher than the response to O hab, indicating that the rats discriminated O hab from O test in all cases tested. Rats spontaneously discriminated the enantiomers of lim after being exposed to the pent/but pair; they discriminated the enantiomers of terp after being exposed to the enantiomers of lim, and they discriminated pent from but after being exposed to the enantiomers of terp (Table 4 ; Figure 5A ). The measured improvement in discrimination capabilities was independent of the similarity of the enrichment pair: enrichment with ϩ/Ϫ carv was just as effective in modulating discrimination as were the three pairs of very similar odorants ( Figure 5B ). The improvement also did not depend on the enrichment odors being chemically similar to the test odors since enrichment with pentanol/butanol improved the discrimination of ϩ/Ϫ lim and enrichment with ϩ/Ϫ terp improved the discrimination of pent/but.
Effect of Single Odor Enrichment
Last, we tested whether enrichment with an odor pair, presented in separate tea balls, is necessary to improve rats' discrimination abilities or whether enrichment with a single odorant is sufficient.
Habituation. We found that after enrichment with ϩ limonene, rats habituated normally to all three habituation odors because there was a significant effect of trial number (ϩ/Ϫ lim, F [3, 28] Discrimination. It is interesting to note that discrimination was only improved for two out of three similar odor pairs after enrichment with ϩ lim only ( Figure 5C ; Table 5 ). Although rats now discriminated between the enantiomers of lim and terp, they did not discriminate between pent and but.
Discussion
The present study was designed to investigate the influence of odor enrichment on spontaneous olfactory discrimination. We demonstrated that a manipulation of olfactory experience as simple as a passive exposure to odor pairs or even single odors induces an enhancement of spontaneous olfactory discrimination. We first focused on the discrimination performances of adult rats after exposure to the same odor pair as the test odors. We found that exposure to a pair of very similar odorants always increased the discrimination capabilities of the rats for these odorants. In a study that complements our work, Buonviso and colleagues (Buonviso & Chaput, 2000; Buonviso et al., 1998) showed that after a short exposure to odorants, the reactivity of mitral-tufted cells to odorants decreased significantly . These results predict our results remarkably well. The observed drastic decrease in mitral-tufted cell reactivity could result in a reduction in the overlap of mitral cell responses to similar odorants, resulting in the improvement in discrimination that we observed. Mitral cells activate granule cells, which in turn inhibit mitral cells through dendro-dendritic reciprocal synapses (Shepherd & Greer, 1990) . Odor exposure could enhance granule cell activity, thereby decreasing mitral-tufted cell responsiveness. In line with this, a previous study has already reported that the survival of newborn granule cells is increased in mice raised in an olfactory enriched environment for 40 days (Rochefort et al., 2002) . A recent study by Fletcher and Wilson (2003) demonstrated that mitral cell odorant receptive fields are changed by a single passive exposure to odorants. This change, which consists of a switch of the mitral cell's tuning toward the exposure odorant, does not appear immediately and is relatively long-lasting. If such a switch of mitral cell responsive fields were to occur repeatedly during our daily enrichment it may become permanently engrained and lead to an alteration of odor discrimination processing in the OB. A permanent retuning of a subset of mitral cells to a given odorant could then lead to better discrimination of that odorant, as has been observed in psychophysics experiments. In rats (Fletcher & Wilson, 2002) and also in humans (Rabin, 1988; Stevenson, 2001) , discrimination of odorants can be enhanced through experience with those odorants. In human subjects, exposure to previously unfamiliar odorants significantly enhances discriminability of those odorants from each other compared with the performance of subjects that did not receive the initial familiarization regime (Jehl, Royet, & Holley, 1995; Rabin, 1988). Similarly, Owen and Machamer (1979) found that exposure alone improved discrimination among wines, with most of this effect manifesting itself in an enhanced ability to spot when two wines were the same (Owen & Machamer, 1979) . These findings confirm that exposure alone can be sufficient to improve olfactory discrimination, comparable to the improvement in performance following sensory exposure observed in other sensory systems (Condon & Weinberger, 1991) . The most surprising finding in our study is the fact that the observed improvement in odor discrimination is not specific to the odor used during the exposure. As detailed in the results section, rats' discrimination capabilities for very similar odorants always increased after the enrichment period, independently of the odorant pair used during the enrichment. In agreement with these results, Buonviso et al. (1998) , rats' discrimination performance was improved for the enatiomers of lim, terp, but not for but/pent. Considering that exposure to a single odorant would activate the OB less than exposure to two odorants, and that the bulbar area activated by limonene overlaps substantially less than the area activated by pent (r ϭ .28) than that activated by terp (r ϭ .55), it is probable that the lower activation levels led to less spread of the effect underlying these observations. An example of a related phenomenon in another system is that rodents placed in an enriched environment exhibit broadly improved cognitive performance (Kobayashi, Ohashi, & Ando, 2002) , as well as increased hippocampal neurogenesis (Kempermann, Kuhn, & Gage, 1997) , synaptogenesis (Ramirez-Amaya, Balderas, Sandoval, Escobar, & Bermudez-Rattoni, 2001 ), growth factor levels (Ickes et al., 2000) , cognition-linked gene expression (Rampon et al., 2000) , and density of a variety of neurotransmitter receptors (Bredy, Humpartzoomian, Cain, & Meaney, 2003) . The mechanisms underlying the observed improvement of odor discrimination have yet to be identified within mammals.
In conclusion, this study shows that passive odor exposure can improve general odor discrimination capabilities in rats. These results seem to be well predicted by previous studies showing that Figure 5 . Behavioral habituation and discrimination after enrichment to other odors than the odor pairs. A: Effects of novel odor pair (similar odorants) exposure on the discrimination of similar odors. Response times during the four-habituation trials for all the odor pairs decline with increasing trial numbers. Response time of the O test for all the odor pairs is high, showing that the rats spontaneously discriminated the enantiomers of terp after exposure to lim, but and pent after exposure to terp, and the enantiomers of lim after exposure to but and pent. B: Effects of dissimilar odor pair (ϩ/Ϫ carv) exposure on the discrimination of similar odors. Response times during the four habituation trials declined with increasing trial numbers for all odor pairs. Response times for O test are high for all the odor pairs, showing that the rats spontaneously discriminated the enantiomers of lim, terp and pent and but after exposure to ϩ/Ϫ carv. Asterisks indicate a significant difference (*p Ͻ .05, **p Ͻ .01, ***p Ͻ .001) in response magnitude between Trials 4 and 5. C-Effects of single odor exposure on the discrimination of similar odors. Response times during the fourhabituation trials for all the odor pairs declined with increasing trial numbers. Response times for O test are low for pent/but, but high for ϩ/Ϫ lim and ϩ/Ϫ terp showing that the rats spontaneously discriminated the enantiomers of lim and terp after exposure to ϩ lim. experience decreases responsiveness of the mitral cells in adult rats (Buonviso & Chaput, 2000; Buonviso et al., 1998) . Although the mechanisms underlying the present improvement in performance are not known, all available data point to a change in inhibitory processing in the olfactory bulb.
